After primary replication at the site of entry into the host, alphaherpesviruses infect and establish latency in neurons. To this end, they are transported within axons retrograde from the periphery to the cell body for replication and in an anterograde direction to synapses for infection of higher-order neurons or back to the periphery. Retrograde transport of incoming nucleocapsids is well documented. In contrast, there is still significant controversy on the mode of anterograde transport. By high-resolution transmission electron microscopy of primary neuronal cultures from embryonic rat superior cervical ganglia infected by pseudorabies virus (PrV), we observed the presence of enveloped virions in axons within vesicles supporting the "married model" of anterograde transport of complete virus particles within vesicles (C. Maresch, H. Granzow, A. Negatsch, B.G. Klupp, W. Fuchs, J.P. Teifke, and T.C. Mettenleiter, J. Virol. 84:5528-5539, 2010). We have now extended these analyses to the related human herpes simplex virus type 1 (HSV-1). We have demonstrated that in neurons infected by HSV-1 strains HFEM, 17؉ or SC16, approximately 75% of virus particles observed intraaxonally or in growth cones late after infection constitute enveloped virions within vesicles, whereas approximately 25% present as naked capsids. In general, the number of HSV-1 particles in the axons was significantly less than that observed after PrV infection.
Herpesviruses are characterized by a distinct virion morphology and the property to establish latent infections with episodes of spontaneous reactivation. Herpesvirus virions contain a DNA genome enclosed in an icosahedral capsid shell, which is in turn embedded in tegument proteins and surrounded by a lipid envelope containing virally encoded, mostly glycosylated proteins. Within the Herpesviridae, three subfamilies, designated the Alpha-, Beta-, and Gammaherpesvirinae, have been recognized (9) . The alphaherpesviruses contain pathogens of humans and animals with neuroinvasive properties resulting in infection of and latency in neurons. The genus Simplexvirus encompasses the ubiquitous human herpes simplex viruses, types 1 and 2 (HSV-1 and HSV-2), whereas varicella-zoster virus and several relevant animal pathogens, e.g., the porcine pseudorabies virus (PrV) (Suid herpesvirus 1 [30] ), belong to the genus Varicellovirus.
Alphaherpesviruses are pantropic but neuroinvasive, i.e., they infect the nervous system after primary replication in mucosal membranes. Neuroinvasion entails two long-distance transport processes of different directionalities (3) . There is general consent that retrograde intraaxonal transport of incoming alphaherpesvirus particles to the neuronal cell body for productive replication or establishment of latent infection is effected by dynein-mediated microtubule-associated transport of nucleocapsids coated with "inner" tegument proteins (1, 14, 26) , as occurs during infection of nonpolarized cultured cells (reviewed in reference 39). After reactivation from latency, anterograde axonal transport to the periphery leads to the appearance of herpetic lesions (reviewed in references 8 and 12) and concomitant virus shedding. Anterograde transport to synapses connected with other neurons results in infection of higher-order neuronal sites and in viral encephalitis (reviewed in reference 11). The different directionalities are supposed to be influenced by differences in the transported viral cargo, i.e., nucleocapsids during entry and enveloped virions during egress (3) .
Although this concept was attractive, it was not congruent with experimental findings. In HSV-1-infected neurons, viral structures observed in axons were identified as nucleocapsids lacking an envelope both in ultrastructural analyses (18, (31) (32) (33) 36) and in fluorescence studies (37, 38) . This was initially supported by reports of PrV-infected neurons (41, 42) , prompting the hypothesis that viral subassemblies, i.e., nucleocapsids and associated proteins vs. envelopes and associated proteins, were transported separately, with virion formation occurring along the axon at varicosities (10) and/or at the synapse or growth cone (33) , indicating that nucleocapsids represent viral cargo for retro-and anterograde transport ("separate model").
A second model proposes virion assembly in the cytosol and intraaxonal transport of enveloped virions within secretory vesicles ("married model"), as occurs during egress of virions from the cell body of neurons (24, 28) and from nonpolarized cells (15) . For PrV, it has now been largely accepted that enveloped virions within vesicles constitute the most abundant, if not exclusive, cargo for anterograde intraaxonal transport following high-resolution ultrastructural electron microscopi-cal studies (5, 13, 28) , as well as live-cell analysis by video microscopy of fluorescently labeled virions (2, 3, 25) and reinterpretation of earlier results (5, 8, 13, 41) .
In contrast, the situation for HSV-1 is still unclear. Besides evidence for separate transport of viral nucleocapsids and envelope components (23, 34, 37, 38) , enveloped capsids in vesicles (7, 23, 27) and sometimes both enveloped and naked nucleocapsids were detected (17, 20, 36) . Recent live-cell imaging studies on transport of fluorescently labeled HSV-1 components provided evidence for cotransport of capsid and envelope components in congruence with the married model (2) . Although the idea of a similar mechanism for this basic biological feature relevant for neuroinvasive alphaherpesviruses is intriguing, there is still the possibility of alternative solutions to the problem of how to transport viral cargo to peripheral sites in neurons in the different viruses.
Our studies of PrV made use of an assay system based on infection of explanted primary neurons from rat superior cervical ganglia followed by high-resolution electron microscopy (28) . We now used the same system to analyze infection of primary rat neurons by the HSV-1 strains HFEM, SC16, and 17ϩ. Strain HFEM harbors a mutation within the long terminal repeat region which eliminates one copy of the latencyassociated genes (40) . It is avirulent after intraperitoneal, subcutaneous, or intravenous infection but can establish a latent infection in mice after peripheral inoculation, demonstrating that it is neuroinvasive. Strain SC16 has been isolated from a human encephalitic brain (16) . Strain 17ϩ (4) is also derived from a primary isolate. It has a nonsyncytial plaque morphology. Viruses were grown on African green monkey kidney (Vero) cells at 37°C in minimum essential medium (MEM) supplemented with 5% fetal calf serum (Invitrogen). Dissection and culture of primary neuronal cells were done exactly as described previously (6, 28) . Neuronal cultures were infected after 7 days at 37°C with 1ϫ 10 5 PFU of each virus strain diluted in neuronal culture medium. The inoculum was removed after 1 h and replaced with neuronal culture medium. Infected explants on microscope slides were fixed between 16 and 24 h postinfection and processed and analyzed by electron microscopy as described previously (28) .
After infection with HSV-1 HFEM, primary envelopment at the inner nuclear membrane (Fig. 1A) and virion formation by secondary envelopment in the cytosol ( in axons (Fig. 1C) or growth cones (Fig. 1D) , mostly enveloped virions within vesicles were detected, as has been demonstrated for PrV (28) , but naked capsids were also observed (Fig. 1C, inset) . Quantitation of 48 different thin sections of three different assays resulted in the unambiguous identification of 140 virus particles in sections of axons or growth cones, of which 101 (72%) represented complete virions within vesicles and 39 (28%) represented naked capsids. Thus, during the late stage of infection with HSV-1 strain HFEM, most virus particles observed in axons or growth cones are enveloped virions within vesicles.
To assess whether this result was specific for strain HFEM or applicable also to other HSV-1 strains, we infected primary rat neurons in an identical fashion with 1ϫ 10 5 PFU of strain SC16 or 17ϩ. The results are shown in Fig. 2 and 3 . Primary enveloped virions in the perinuclear cleft ( Fig. 2A and 3A) and intracytoplasmic virion formation by secondary envelopment (Fig. 2B and 3B ) demonstrated productive infection of these neurons by the two HSV-1 strains. As has also been observed after infection with HSV-1 HFEM, in axons (Fig. 2C ) and growth cones (Fig. 2D) of HSV-1 SC16-infected cells, enveloped virions within vesicles were detected, including a rare case of an enveloped A-capsid lacking DNA (Fig. 2D) . However, naked capsids were also present (Fig. 2C, inset) . Similar observations were made after infection with strain 17ϩ. Only a few virus particles were observed in axons and growth cones, which mostly presented as enveloped virions within vesicles, as shown in an axon (Fig. 3C ) and a growth cone (Fig. 3D) , besides occasional naked nucleocapsids, as demonstrated in an axon in Fig. 3C, inset .
Quantitation was more difficult in HSV-1 SC16-or 17ϩ-infected neurons, since significantly fewer virus particles could be observed beyond the cell body in axons or growth cones. However, analysis of 20 thin sections of two different assays after infection with HSV-1 SC16 showed 36 virus particles present in axons or growth cones, of which 27 (75%) were enveloped virions within vesicles and 9 (25%) represented nucleocapsids. A similar survey of 19 sections of two different assays after infection with HSV-1 17ϩ showed 29 virus particles present in axons or growth cones, of which 22 (75%) were enveloped virions within vesicles and 7 (25%) were naked nucleocapsids. In comparing the three HSV-1 strains tested, the highest frequency of virus particles in axons and growth cones was observed in neurons infected by strain HFEM, which, however, was still significantly less than that found after PrV infection. We estimate that ca. 3-to 5-fold fewer virus particles were present in axons and growth cones of neurons infected by HSV-1 HFEM than was the case with PrV infection. This correlates with a more rapid and efficient neuroinvasion of PrV in murine infection models (19, 35) . Nevertheless, a substantial number of virus particles could be identified in axons and growth cones of neurons infected by HSV-1 HFEM, SC16, and 17ϩ. Interestingly, in all cases, enveloped virions within vesicles, as well as naked capsids, were observed at similar ratios of approximately 75% enveloped virions and approximately 25% naked nucleocapsids. These figures match well with results in a study using live-cell microscopy of fluorescently labeled viral components. Here, 65 to 70% of anterograde-transported HSV-1 capsids were associated with envelope glycoprotein B, whereas 30 to 35% were not (2) . Thus, the majority of virus particles present in axons and growth cones are enveloped virions within vesicles, but naked capsids also represent a significant fraction. In contrast, in PrV infection, naked capsids were only occasionally observed in axons and growth cones, and more than 90% of virus particles were found to be intravesicular enveloped virions (28) .
Unlike other imaging techniques, such as fluorescence microscopy, electron microscopy allows unambiguous identification of viral structures but provides no direct information on motion. Thus, there is uncertainty regarding the direction of transport of the observed viral particles. However, contrary to findings in previous studies (21) (22) (23) (31) (32) (33) (34) , we observed enveloped HSV-1 virions within vesicles in axons and growth cones, which could not be derived from entry events as could naked capsids during retrograde transport. Thus, the observation itself is of sufficient validity to support the notion that intraaxonal anterograde transport of both PrV and HSV-1 involves enveloped virions within vesicles. However, we cannot exclude anterograde transport of subviral components as well, since naked capsids have been observed previously (23, (31) (32) (33) (34) and in our studies.
To clearly differentiate between retrograde and anterograde transport, compartmentalized chamber systems, e.g., Campenot chambers, had been used (6) . They are suitable for following transport of fluorescently labeled viral structures in real time, but high-resolution electron micrographs of infected neurons from these chamber systems are difficult to obtain (13) . We are currently working on establishing a procedure which allows combining unambiguous assessment of directionality with our high-resolution electron microscopy.
Our results differ from those of previous studies on HSV-1 infection in neurons using either transmission electron microscopy (18, (21) (22) (23) (31) (32) (33) (34) or fluorescently labeled virion components (37, 38) . In these studies, separate transport of capsids and enveloped components was observed. In contrast, a recent report using live-cell imaging of fluorescently labeled HSV-1 is congruent with our results in showing transport primarily of enveloped virions (2) . Currently this discrepancy remains unexplained, but it may be due to the use of different viral strains, neuronal cultures, and readout systems. Thus, it is important to assay in standardized systems in parallel the different virus species, virus strains, and virus mutants to exclude confounding external influences as much as possible.
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ADDENDUM IN PROOF
While this manuscript was in press, a study appeared online as an in press manuscript (J. Huang, H. M. Lazear, H. M. Friedman, Virology, 30 October 2010, doi: 10.1016/j.virol.2010 .10.009). By electron microscopy of primary neurons grown in culture chambers, the authors also observed enveloped HSV-1 and PrV particles within vesicles in axons.
